During neuronal development, vesicles are targeted to the growth cone to promote neurite outgrowth and synaptogenesis. The Exocyst complex is an essential macromolecule in the secretory pathway that may play a role in vesicle targeting. Although it has been shown that this complex is enriched in rat brain, the molecular mechanism underlying its function is largely unknown. Here, we report that the Exocyst complex coimmunoprecipitates with microtubules from total rat brain lysate. Additionally, the Exocyst complex subcellular localization changes on neuronal differentiation. In undifferentiated pheochromocytoma (PC12) cells, this complex is associated with microtubules at the microtubule organizing center. However, in differentiated PC12 cells and cultured hippocampal neurons, the Exocyst complex and microtubules extend to the growing neurite and colocalize at the growth cone with synaptotagmin. Inhibition of the NGF-activated MAP kinase pathway blocks the Exocyst complex and microtubule redistribution, abolishing neurite outgrowth and promoting cytosolic accumulation of secretory vesicles. Consistently, the overexpression of Exocyst sec10 subunit mutant blocks neurite outgrowth. These results indicate that the Exocyst complex targets secretory vesicles to specific domains of the plasma membrane through its association with the microtubules, promoting neurite outgrowth.
During neuronal development, vesicles are targeted to the growth cone to promote neurite outgrowth and synaptogenesis. The Exocyst complex is an essential macromolecule in the secretory pathway that may play a role in vesicle targeting. Although it has been shown that this complex is enriched in rat brain, the molecular mechanism underlying its function is largely unknown. Here, we report that the Exocyst complex coimmunoprecipitates with microtubules from total rat brain lysate. Additionally, the Exocyst complex subcellular localization changes on neuronal differentiation. In undifferentiated pheochromocytoma (PC12) cells, this complex is associated with microtubules at the microtubule organizing center. However, in differentiated PC12 cells and cultured hippocampal neurons, the Exocyst complex and microtubules extend to the growing neurite and colocalize at the growth cone with synaptotagmin. Inhibition of the NGF-activated MAP kinase pathway blocks the Exocyst complex and microtubule redistribution, abolishing neurite outgrowth and promoting cytosolic accumulation of secretory vesicles. Consistently, the overexpression of Exocyst sec10 subunit mutant blocks neurite outgrowth. These results indicate that the Exocyst complex targets secretory vesicles to specific domains of the plasma membrane through its association with the microtubules, promoting neurite outgrowth.
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The secretory pathway is a conserved mechanism that targets proteins destined for secretion or integration into the plasma membrane in a highly ordered manner (Guo et al., 2000) . First, secretory and plasma membrane proteins are synthesized in the endoplasmic reticulum and transferred to the Golgi apparatus and subsequently to the trans-Golgi network where they are incorporated into secretory vesicles and sorted for targeting to the plasma membrane (Mellman et al., 1992) . It has been shown that microtubules (MTs) and microtubule-associated motors serve as a railway to deliver these vesicles to the plasma membrane (Kamal and Goldstein, 2000) . However, it is still unknown how secretory vesicles are targeted to specific domains of the plasma membrane in which docking and fusion take place, resulting in secretion or membrane addition (Sudhoft et al., 1993) .
A macromolecule that has been suggested to play a role in targeting secretory vesicles to the plasma membrane is the Exocyst complex (also known as the Sec6/8 complex). This complex is conserved from yeast to mammals (Bowser et al., 1992; Hsu et al., 1996) and is composed of eight subunits (Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70, and Exo84) . In the budding yeast Saccharomyces cerevisiae, mutations in these complex subunits promote cytoplasmic accumulation of secretory vesicles and defects in polarized growth (Bowser et al., 1992; Finger et al., 1998) . Additionally, the Exocyst complex has been found to concentrate at sites of membrane addition, such as the bud tip of developing daughter cells (TerBush et al., 1995) . Consistently, in cultured hippocampal neurons and pheochromocytoma (PC12) cells, the Exocyst is present at the growth cone where membrane addition takes place (Kee et al., 1997; Hazuka et al., 1999) . Furthermore, a delay in neuronal induction was observed in mouse embryos with deletion of the sec8 gene, suggesting that the Exocyst complex may play a role in neural development (Friedrich et al., 1997) . These results suggest that the Exocyst complex may target secretory vesicles to the plasma membrane during cell growth and differentiation. However, the molecular mechanism underlying the Exocyst complex function in vesicle targeting is presently unknown.
On neuronal differentiation, vesicles are targeted to specific areas of the plasma membrane, promoting neurite outgrowth and synaptogenesis. To uncover the role of the Exocyst complex in vesicle targeting, we monitored the subcellular localization and molecular associations of this complex during neuronal differentiation. The Exocyst complex subcellular localization changed on neuronal differentiation in association with MTs. We showed that the Exocyst complex coimmunoprecipitated with MTs from total rat brain lysate and that MTs were also found tightly associated in undifferentiated and differentiated PC12 cells. Interestingly, inhibition of the NGF-activated MAP kinase pathway abolished the Exocyst complex redistribution, suggesting that this complex may play a role in neuronal differentiation. Consistently, the overexpression of an Exocyst complex subunit mutant (sec10 ⌬ C T ) hin-dered neurite outgrowth. These results indicate that the Exocyst complex targets vesicles toward specific plasma membrane domains through its association with MTs, promoting neurite outgrowth and, consequently, neuronal differentiation.
MATERIALS AND METHODS

Cell culture methodology
PC12 cells were plated on polylysine-coated plates and maintained in growth medium [DM EM supplemented with 7.5% fetal calf serum (FC S), 7.5% horse serum, 3.5 gm / l glucose, 3.7 gm / l sodium bicarbonate, pH 7.3, 10 g /ml streptomycin, and 10 U/ml penicillin]. The medium was changed every 2 d to propagate undifferentiated cells. Nerve growth factor (NGF) (50 ng /ml) was added directly to the medium to initiate cell differentiation. Undifferentiated and differentiated PC12 cells were cultured at 30 -50% confluency. C ells were incubated for 3 d in the presence of NGF before they were fixed and permeabilized for immunocytochemistry experiments or harvested for subcellular fractionation.
Antibodies and Western blot
Recombinant E xo70 was expressed as a glutathione S-transferase (GST)-f usion protein in Escherichia coli. The recombinant protein was purified by binding to glutathione-coupled beads and eluting from those beads by thrombin cleavage. Soluble E xo70 protein was dialyzed overnight against 500 volumes of PBS and used to immunize BAL B/c mice for monoclonal antibody generation (Lane et al., 1986) . Monoclonal antibodies were obtained from the corresponding hybridoma cell lines that were generated by the f usion of NS-1 myeloma cells with spleen cells from BAL B/c mice that were immunized with the recombinant rE xo70. Western blot and ELISA were used to test the antibody specificity.
Protein samples were resolved on 10% SDS-polyacrylamide gels and transferred to nitrocellulose membranes for Western blot analysis. The nitrocellulose membranes were blocked by incubation with 5% milk in TBST (10 mM Tris, pH 8.0, 150 mM NaC l, and 0.1% T ween 20) for 1 hr at room temperature. Primary monoclonal antibodies were used as follows: anti-E xo70 1:1000, anti-Sec8 1:500, anti-Sec6 1:500, anti-transferrin receptor 1:500 (Zymed, San Francisco, CA), anti-syntaxin6 (Syn6) 1:1000, and anti-syntaxin1 (Syn1) 1:1000. Primary polyclonal antibodies were used as follows: anti-␣-tubulin 1:200 (Sigma, St. L ouis, MO), anti-synaptotagamin (Sytg) 1:2000 (Sigma), anti-actin 1:200 (Sigma), and anti-RhoA 1:200 (Santa Cruz Biotechnology, Santa Cruz, CA). After a 1 hr incubation at room temperature, the membranes were washed three times with TBST and incubated with either goat anti-mouse HRPconjugated secondary antibodies (1:5000; Sigma) or goat anti-rabbit HRP-conjugated secondary antibodies (1:10000; Sigma). Membranes were incubated for 1 hr with secondary antibodies and visualized by enhanced chemiluminescence.
Immunocytochemistry
Both undifferentiated and differentiated PC12 cells were washed three times with 1 ml of PBS (1ϫ) and fixed with 1 ml of methanol (100%) for 5 min at Ϫ20°C. C ells were rehydrated by incubation with 2 ml of PBS (1ϫ) for 5 min at room temperature. After rehydration, cells were permeabilized with DM EM containing 2% FC S and 0.4% saponin. C ells were washed three times with PBS and incubated overnight with primary antibodies at 4°C. Primary antibodies were removed by washing three times with PBS. Secondary antibodies were added and incubated for 1 hr at room temperature. Goat anti-mouse fluorescein-conjugated (FI TC; 1:100) or goat anti-rabbit rhodamine-conjugated (TRI TC; 1:400) antibodies were used as secondary antibodies. After incubation, secondary antibodies were removed, and cells were washed and mounted in a solution containing 10% 1,4-diazabicyclo-[2.2.2]octane (Sigma), 10% PBS (1ϫ), and 80% glycerol. Labeled cells were visualized by inverted fluorescence microscope (Axiovert 135; Z eiss, Thornwood, N Y).
Pharmacology
Microtubule-disrupting drugs were applied as follows: nocodazole (5 g /ml; C albiochem, La Jolla, CA) for 30 min; colchicine (2 M; C albiochem) and vinblastine (2 M; C albiochem) for 1 hr at 37°C in 5% C O 2 . Actin filament-disrupting drugs were applied as follows: latrunculin A (5 M; C albiochem), latrunculin B (10 M; C albiochem), cythocalasin D (10 M; C albiochem) for 1 hr at 37°C in 5% C O 2 . After incubation, cells were washed three times with PBS and fixed in methanol (100%). After fixation, cells were permeabilized and incubated with primary antibodies as described above. Primary antibodies were used as follows: antiacetylated ␣-tubulin monoclonal antibodies (1:50; Sigma), anti-E xo70 monoclonal antibodies (1:100), and anti-actin polyclonal antibodies (1: 100; Sigma). To determine whether the E xocyst complex is associated with the Golgi apparatus, we incubated PC12 cells with the Golgidisrupting drug brefeldin A (BFA; 5 g /ml) for 30 min at 37°C in 5% CO 2 . The Golgi apparatus and the E xocyst complex were visualized by double staining with anti-E xo70 monoclonal and anti-GM130 polyclonal antibodies [1:100; a gift from Drs. Martin L owe (University of Manchester, Manchester, UK) and Jesse Hay (University of Michigan, Ann Arbor, M I)]. Undifferentiated PC12 cells were preincubated for 1 hr with the M AP kinase kinase inhibitor PD98059 (30 M; C albiochem) followed by the addition of NGF (50 ng /ml) at 37°C in 5% C O 2 for 3 d. After incubation, PC12 cells were washed with PBS and fixed as explained above. The MTs and Sytg were visualized by double staining with anti-acetylated ␣-tubulin monoclonal antibody (1:50; Sigma) and anti-Sytg polyclonal antibodies (1:2000; Sigma), respectively. The subcellular localization of the E xocyst complex and Sytg was determined by double staining with anti-E xo70 monoclonal antibody and anti-Sytg (1:2000; Sigma) polyclonal antibodies, respectively.
Subcellular fractionation and immunoprecipitation
Percoll gradient. Undifferentiated and differentiated PC12 cells were cultured as described above. C ells from three confluent plates were scraped and collected in gradient-lysis buffer (20 mM Tris, pH 8.0, 250 mM sucrose, and 2 mM EDTA). Harvested cells were passed through a 26 ga syringe three times and homogenized in a Potter-Elvehjem tissue grinder (20 stokes). After homogenization, cells were spun at 2100 ϫ g for 10 min, and the supernatant was collected and spun again at 2100 ϫ g for 5 min. The resulting supernatant (postnuclear fraction) was incubated with DNase (Life Technologies, Gaithersburg, MD) (1 l /ml) at 37°C for 30 min. The Percoll (Sigma) self-generated gradient was prepared by diluting a 90% Percoll stock solution with the lysis buffer to a final concentration of 17.5% (Morand et al., 1986) . The postnuclear lysate was loaded onto the top of the Percoll gradient, spun at 26,000 ϫ g for 1 hr in a TL S55 rotor (Beckman Instruments, Fullerton, CA), and halted without the use of brakes. Gradient fractions (150 l per fraction) were collected from the top of the gradient and analyzed by Western blot.
Immunoprecipitation. Anti-Sec8 monoclonal antibody 2E12 or nonspecific mouse immunoglobin was coupled to protein-A beads at a final concentration of 2 mg /ml using the cross-linker dimethylpimelimidate as previously described (Pevsner et al., 1994) . PC12 cell postnuclear lysate was prepared as explained above using lysis buffer (20 mM H EPES, 150 mM NaC l, 2 mM EDTA, and 1 mM dithiothreitol). Rat brain postnuclear lysate was prepared by homogenizing the frozen brain in seven volumes of lysis buffer. The lysates were centrif uged twice at 3000 ϫ g to remove intact cells and nuclei. The resulting postnuclear lysates were precleared with protein-A beads (10 l of protein G bead per 100 l of protein sample) at 4°C for 4 hr. The precleared lysates were then incubated with immobilized anti-Sec8 or control antibodies overnight at 4°C. The next day, beads were washed three times with 10 volumes of the lysis buffer and another three times with the lysis buffer without dithiothreitol. Proteins bound to beads were solubilized in a protein sample buffer containing 10% SDS and subjected to SDS-PAGE and Western blot analysis.
In vitro protein binding assay
The E xocyst complex subunits E xo70, Sec6, Sec8, and Sec10 and their mutants Sec8
⌬ N T and Sec10 ⌬ C T were subcloned into the bacterial expression vector pGEX-KG and expressed in E. coli bacteria. Recombinant proteins of these constructs were harvested from bacteria by sonication in the lysis buffer (20 mM Tris, pH 8.0, 2 mM EDTA, 2 mM dithiothreitol, 150 mM NaC l, and 0.1% T ween 20), followed by centrifugation at 18,000 ϫ g for 15 min at 4°C. The resulting bacterial lysates were incubated with glutathione-conjugated bead overnight at 4°C to purif y recombinant proteins. After incubation, these beads were washed three times with the lysis buffer and used for protein binding studies. To obtain soluble recombinant proteins without their GST moiety, some glutathione-conjugated beads with bound GST-f usion proteins were digested with thrombin (10 ng /ml; Sigma) for 1 hr at room temperature. The digestion was stopped with heparin (10 ng /ml; Sigma), and the supernatant containing soluble recombinant protein was collected for binding studies. For a typical binding experiment, GST-f usion proteins bound to glutathione-conjugated beads were incubated with soluble recombinant proteins at 4°C for 4 hr with constant rotation. After incubation, beads were washed three times with the lysis buffer, and proteins bound to beads were analyzed by Western blot.
Molecular biology
The sec8 and sec10 truncation constructs were generated by PCR. The Sec8 N-terminal truncation was obtained by amplif ying the sec8 sequence from nucleotide 1070 to the end of its open-reading frame at 2915nt. This represents a deletion of the first 339 amino acids in the Sec8 protein sequence. Similarly, the Sec10 C -terminal truncation was obtained by amplif ying the sec10 sequence from its first nucleotide to nucleotide 1612 in its open-reading frame. This deletes the last 171 amino acids in the Sec10 protein sequence. PCR primers were designed to introduce a BglII site at the 5Ј end and a SalI site at the 3Ј end of the amplified sequence. Amplified PCR fragments were ligated into BglII / SalI sites in the pIRES2-EGFP vector (C lontech, C ambridge, UK). Ligation products were introduced into E. coli DH5␣ strain, and positive colonies were identified by restriction digestion.
For PC12 cell transfection, DNA was purified using the QIAfilter (Qiagen, Hilden, Germany) midi-prep kit. PC12 cells were cultured at 80 -90% confluency as explained above. LipofectAM I N E 2000 reagent (3 l; Life Technologies) was added to 100 l of OptiM EM medium (Life Technologies) and incubated for 5 min at room temperature. DNA (1 g) in 100 l of OptiM EM medium was added slowly to the LipofectAM I N E 2000-containing solution and incubated for 20 min at room temperature. After incubation, the transfection mixture was added to PC12 cells in 800 l of OptiM EM. C ells were incubated for 10 hr at 37°C in 5% C O 2 . The transfection reaction was terminated by changing the medium back to PC12 cell growth medium.
RESULTS
The Exocyst complex exhibits distinct subcellular localization on neuronal differentiation
To study the role of the Exocyst complex in neuronal differentiation, monoclonal antibodies against the Exocyst subunit Exo70 were generated. We tested the specificity of the monoclonal anti-Exo70 antibody 70X13F3 by ELISA (data not shown) and Western blot (Fig. 1 A) . The anti-Exo70 monoclonal antibody recognized a single polypeptide in total rat brain lysate ( Fig. 1 A, lane 1) at the same molecular weight as the purified recombinant Exo70 ( Fig. 1 A, lane 2) . Because the Exocyst subunits are always found associated in the complex (Hsu et al., 1996) , this antibody was used as a marker to monitor the intracellular distribution of the Exocyst complex in all subsequent studies.
The rat adrenal PC12 cell line is a very well established system to study the process of neuronal differentiation (Greene et al., 1976; Pang et al., 1995) . These cells can be cultured in undifferentiated and NGF-induced differentiated stages. We used the monoclonal anti-Exo70 antibody to determine the subcellular localization of the Exocyst complex during neuronal differentiation. Interestingly, in undifferentiated PC12 cells (Fig. 1 B, arrow) , the Exocyst complex exhibited a perinuclear localization. This perinuclear localization of the Exocyst complex is indicative of a potential association with the Golgi network or the MT organizing center (MTOC). However, in differentiated PC12 cells (Fig.  1C) and cultured hippocampal neurons (data not shown), this complex is found at the cell body (Fig. 1C, arrowhead) , in the extending neurite, and concentrated at the growth cone (Fig. 1C,  arrow) . These observed changes in the subcellular localization on neuronal differentiation represent a phenomenon of the entire Exocyst complex because monoclonal antibodies against other Exocyst subunits, Sec6, Sec10, and Exo84, also detected the same redistribution (data not shown). These results indicate that, in response to neuronal differentiation, the Exocyst complex biological function requires its redistribution from the perinuclear localization toward areas of high exocytosis activity, such as the growth cone. A, Western blot analysis using the anti-Exo70 monoclonal antibody 70X13F3 showed that it recognized a single band in brain lysate (lane 1). Recombinant Exo70 was used as a molecular weight control (lane 2). The arrow indicates a degradation product of the recombinant Exo70. B, C, The subcellular localization of the Exocyst complex in both undifferentiated ( B) and differentiated (C; NGF; 50 ng/ml) PC12 cells was determined by immunofluorescence microscopy. PC12 cells were fixed with 100% methanol, and the anti-Exo70 antibody was visualized with anti-mouse antibodies conjugated to FITC. B, The Exocyst complex exhibited a perinuclear localization in undifferentiated PC12 cells (arrowheads). C, In differentiated PC12 cells, the Exocyst complex is found in the cell body (arrowheads), along the neurite, and at the growth cone (arrows). Scale bars, 50 m.
Brefeldin A does not affect the Exocyst complex perinuclear localization
It has been shown that the trafficking of vesicles from the Golgi network to the growth cone is required for neurite outgrowth (Dai et al., 1995) . The perinuclear localization of the Exocyst complex and its redistribution on activation of neuronal differentiation suggest that it may play a role in directing vesicles from the Golgi network to specific plasma membrane domains at the growth cone. To determine whether the subcellular localization of the Exocyst complex coincides with that of the Golgi apparatus, undifferentiated and differentiated PC12 cells were doublestained with antibodies against Exo70 (Fig. 2 A,G) and a Golgi protein, GM130 (Lowe et al., 2000) (Fig. 2 B, H ) . Interestingly, we observed that in both undifferentiated (Fig. 2C) and differentiated ( Fig. 2 I) PC12 cells, the Exocyst complex was in close proximity to the Golgi apparatus. These results suggest that the Exocyst complex might be localized close to or at the Golgi network to target vesicles toward the growth cone on neuronal differentiation.
To confirm the association of the Exocyst complex with the Golgi apparatus, undifferentiated and differentiated PC12 cells were exposed to the Golgi-disrupting drug BFA (Mellman et al., 1992) . As expected, BFA promoted a diffusion of the GM130 localization (Fig. 2, compare B, E, and H, K ). However, the subcellular localization of the Exocyst complex in undifferentiated (Fig. 2 A,D) and differentiated (Fig. 2G,J ) PC12 cells remained unperturbed. Consistently, it has been shown that in pancreatic acinar cells the Exocyst complex also exhibited a perinuclear localization, which was not affected by BFA (Shin et al., 2000) . These results indicate that, although the Exocyst complex is in close proximity to the Golgi apparatus, it is not associated with this organelle.
Microtubule-disrupting drugs affect the subcellular localization of the Exocyst complex
The perinuclear localization of the Exocyst complex is not caused by its association with the Golgi apparatus (Fig. 2) . This observation indicates that the Exocyst complex may be associated with a specific cellular component in the cytosol that redistributes during neuronal differentiation. It has been shown that the MTOC has a perinuclear localization in close proximity to the Golgi network (Brinkley et al., 1985) . Additionally, MTs emanate from this specialized region toward the extending neurite and are required to deliver vesicles to the growth cone (Dent et al., 1999) . To determine whether the Exocyst complex is associated with MTs near or at the MTOC, undifferentiated PC12 cells were treated with microtubule-disrupting drugs. As control, undifferentiated PC12 cells were also treated with actin-disrupting drugs. Treated PC12 cells could recover completely after the drugs were washed away so that any observed change in subcellular localization was not caused by cells undergoing necrosis or apoptosis. The subcellular localization of the Exocyst complex (Fig.  3 A, B,C) , MTs (Fig. 3 D, E,F ) , and actin-filaments (Fig. 3G, H, I ) was monitored before and after drug treatments. In untreated cells, the Exocyst complex (Fig. 3A) exhibited a perinuclear localization, and the actin-filaments (Fig. 3G) formed a ring adjacent to the plasma membrane. Interestingly, the MTs exhibited a diffuse cytosolic localization with a perinuclear concentration (Fig. 3D, arrow) , indicative of the MTOC (Brinkley et al., 1985) . These observations indicate that the Exocyst complex may be associated with MTs near or at the MTOC.
When undifferentiated PC12 cells were incubated with the microtubule-disrupting drugs nocodazole (Fig. 3C, F, I ), colchicine (data not shown), or vinblastine (data not shown), MTs were found spreading throughout the cytosol with no enrichment at the perinuclear region (Fig. 3, compare D, F ) . Interestingly, these drugs also disrupted the perinuclear localization of the Exocyst complex (Fig. 3, compare A, C) in most PC12 cells. Actin filaments, as expected, were not affected (Fig. 3I ) . However, cytochalasin D (Fig. 3, compare G, H ) , latrunculin A (data not shown), and latrunculin B (data not shown) affected the actin filament distribution but did not disrupt the Exocyst complex (Fig. 3, compare A, B) or the MT subcellular localization (Fig. 3,  compare D, E) . These results indicate that the Exocyst complex subcellular localization is dependent on the integrity of MTs. Additionally, these results suggest that the Exocyst complex may be associated, directly or indirectly, with MTs.
The Exocyst complex is associated with microtubules
The above pharmacological studies suggest that the Exocyst complex may be associated with MTs. Furthermore, the Exocyst complex redistribution on neuronal differentiation suggests that this complex spreads toward the developing neurite and the growth cone with MTs to promote the targeting of secretory vesicles to specific areas of the plasma membrane. Previously, it has been shown that the Exocyst complex is found in the membrane fraction after high-speed centrifugation. Consistently, we have found that the Exocyst complex and MTs were present in the membrane fraction (data not shown).
To further define the subcellular localization of the Exocyst complex, PC12 cell lysate was fractionated in a self-generating Percoll gradient (Fig. 4 A) . After 3 d in the presence of NGF (50 ng/ml), PC12 cells were harvested, homogenized, and centrifuged at 2,100 ϫ g to yield a postnuclear fraction. The lysate was loaded on top of a 17.5% Percoll gradient and spun at 26,000 ϫ g for 1 hr. Gradient fractions were collected and analyzed by Western blot (Fig. 4 A) . We found that the Exocyst subunits Sec6, Sec8, and E xo70 all migrated to the same fractions, indicating their tight association in the complex. The Exocyst complex subunits showed a major migration peak at fractions 3 and 4 and a small migration peak at fractions 6 and 7 (Fig. 4 A) . The plasma membrane marker Syn1 (Bennett et al., 1992) and the Golgi/endosome markers transferrin receptor (TfR) and Syn6 (Bock et al., 1997 ) exhibited a migration peak at fractions 6 and 7 (Fig. 4 A) . Interestingly, tubulin comigrated with the Exocyst complex throughout the gradient (Fig. 4 A) . However, the other major cytoskeletal element, actin, comigrated with the soluble protein RhoA (Kaibuchi et al., 1999) in fractions 1-3 (Fig. 4 A) . Additionally, the bulk of the vesicle marker Sytg (Sudhoft et al., 1993 ) also comigrated with the Exocyst complex and MTs (Fig.  4 A) . Identical Percoll density gradient centrifugation was also performed for undifferentiated PC12 cells and the same results were observed (data not shown). The same migration profile on Percoll gradient was also observed for cultured hippocampal neurons (our unpublished data). These observations demonstrate two important details about the Exocyst complex. First, the majority of the Exocyst complex is not associated with the Golgi apparatus or the plasma membrane. Second, the molecular association of the Exocyst complex does not change during cellular differentiation, although its intracellular localization is altered. These results suggest that the Exocyst complex associates with the same cellular components before and after cellular differentiation. The association of the Exocyst complex with MTs in close proximity to the MTOC may explain the tight perinuclear localization of the complex in undifferentiated PC12 cells. In differentiated PC12 cells, it is likely that the Exocyst complex radiates outward from its perinuclear localization toward the growth cone by its association with MTs emanating from the MTOC. This may explain why the Exocyst complex showed the same density profile on Percoll gradient centrifugation in both undifferentiated and differentiated PC12 cells.
To investigate further the association between the Exocyst complex and MTs, we subjected PC12 cells and rat brain postnuclear lysate to immunoprecipitation with anti-Sec8 monoclonal antibody 2E12 (Fig. 4 B, C) . The anti-Sec8 antibody (Fig. 4 B, C,  lane 3) , but not nonspecific mouse immunoglobulin (Fig. 4 B, C,  lane 2) , immunoprecipitated the Exocyst complex from PC12 cells and rat brain postnuclear lysate as shown by the coimmunoprecipitation of the Exocyst subunits Sec8 and Exo70 (Fig. 4 B, C,  lane 3) . As expected, tubulin was coimmunoprecipitated specifically with the Exocyst complex (Fig. 4 B, C, lane 3) . However, actin, the other major cytoskeletal protein, was not observed coimmunoprecipitating with the Exocyst complex (Fig. 4 B, C,  compare lanes 1, 3) . In addition, the Exocyst complex coimmunoprecipitated with septins and Syn1 as previously reported (Hsu et al., 1996 ) (data not shown). These results confirm the association between the Exocyst complex and MTs and indicate that this association is physiologically important. Interestingly, the vesicle marker Sytg did not coimmunoprecipitate with the Exocyst complex (Fig. 4 B, C, compare lanes 1, 3) . This is consistent with previous results showing that antibodies against another vesicle marker SV2 did not immunoprecipitate the Exocyst complex (Hsu et al., 1996) . Although the Exocyst complex did not coimmunoprecipitate with Sytg, they both comigrated in the Percoll density gradient. These data suggest that the Exocyst complex may be associated, directly or indirectly, with MTs to target the delivery of secretory vesicles toward specific areas of the plasma membrane. 
The redistribution of the Exocyst complex on neuronal differentiation is blocked by inhibition of the MAP kinase pathway
The neurotrophin NGF binds to the Trk A receptor, which activates the MAP kinase pathway to induce neuronal differentiation (Kaplan et al., 2000) . It has been demonstrated that MTs are required for polarized cell growth and undergo reorganization in response to cell differentiation (Dent et al., 1999) . Additionally, it has been shown that MTs serve as a railway to deliver secretory vesicles to the growth cone in which membrane addition takes place (Dai et al., 1995; Futerman et al., 1996; Zakharenko et al., 1998) . In differentiated PC12 cells, MTs were found along the neurite and at the growth cone (Fig. 5A, arrows) with the vesicle marker Sytg (Fig. 5 B, C, arrows) . Consistently, the Exocyst complex was also found in the growing neurite and at the growth cone (Figs. 1C, 5G , arrows) in which it colocalized with Sytg ( Fig.  5 H, I, arrows) . The association of the Exocyst complex with MTs and changes in their localization in response to NGF-induced cell differentiation bring up the possibility that the Exocyst complex may control the redistribution of MTs to target secretory vesicles toward the growth cone.
To directly test whether the Exocyst complex redistribution is linked to the neuronal differentiation process, we used a protein kinase inhibitor that blocks the MAP kinase pathway. It has been shown that the drug PD98059, which inhibits the activation of the MEK1 protein in the MAP kinase pathway, blocks NGF-induced neuronal differentiation in PC12 cells (Pang et al., 1995) . Undifferentiated PC12 cells were treated with PD98059 for 1 hr before the addition of NGF to the growth medium. After PC12 cells were incubated in the presence of NGF-PD98059 for 3 d, the localization of the Exocyst complex, MTs, and the vesicle marker Sytg was determined by immunofluorescence microscopy. As expected, most of the PC12 cells treated with PD98059 did not develop neurites. Interestingly, PD98059 abolished the MTs (Fig.  5, compare A, D) and the Exocyst complex (Fig. 5 , compare G, J ) redistribution normally observed in differentiated PC12 cells. Instead, both MTs (Fig. 5D, arrowheads) and the Exocyst complex (Fig. 5J, arrowheads) exhibited a tight perinuclear localization. Importantly, the vesicle marker Sytg was enriched at the perinuclear region in which the Exocyst complex and MTs were localized (Fig. 5 K, L, arrowheads) , indicating that the majority of vesicles were not able to reach the plasma membrane. These results indicate that the redistribution of the Exocyst complex is linked to the NGF-induced cell-signaling pathway.
The Exocyst complex function is important for neurite outgrowth
The above studies suggest that the Exocyst complex may be a downstream effector in the NGF-induced neuronal differentiation process. The Exocyst complex may respond to cellular signals to promote the remodeling of MTs toward specific areas of the plasma membrane. Subsequently, the redirected MTs can facilitate the delivery of secretory vesicles to the growth cone, promoting neurite outgrowth. On the basis of this hypothesis, disruption of the Exocyst complex function should abolish neurite outgrowth. As a first step to test this hypothesis, we studied the Exocyst subunit interaction by in vitro protein binding experiments.
The Exocyst complex subunits Exo70, Sec10, Sec8, and Sec6, as well as a Sec8 N-terminal truncation mutant (⌬1-339aa, Sec8 ⌬ N T ) and a Sec10 C-terminal truncation mutant (⌬536 -709, Sec10 ⌬ C T ), were subcloned into a bacterial expression vector (pGEX-KG). These recombinant proteins were purified from bacterial lysates after incubation with glutathione-conjugated beads. The wild-type GST-Sec8 and GST-Sec10 proteins, as well as the mutants GST-Sec8 ⌬ N T and GST-Sec10 ⌬ C T , were used as baits in the in vitro binding studies. Beads containing GST alone were used as control (Fig. 6 A, lanes 13-16 ) . The other GSTfusion proteins were released from their GST moiety by thrombin digestion, and the resulting soluble proteins were collected for the in vitro binding studies. Soluble recombinant proteins were incubated with GST-fusion proteins bound to glutathione-conjugated beads at 4°C for 4 hr. After incubation, these beads were washed thoroughly to remove unbound proteins. Proteins bound to beads were resolved on 10% SDS polyacrylamide gels and analyzed by Western blot. We found that Sec6, Exo70, and Sec10 interact with GST-Sec8 (Fig. 6 A, lanes 1, 2, and 3, respectively) , with Sec10 being the strongest binding partner for Sec8. Interestingly, deletion of the N-terminal domain of the Sec8 protein (GSTSec8 ⌬ N T ) disrupted its interaction with Sec6 (Fig. 6 A, compare  lanes 1, 4 ) and slightly reduced its interaction with Exo70 (Fig.  6 A, compare lanes 2, 5) . However, the interaction between GSTSec8 and Sec10 was not affected (Fig. 6 A, compare lanes 3, 6 ) by the N-terminal truncation. These results suggest that deletion of the N-terminal of Sec8 affects its interaction with Sec6 but not its association with Exo70 and Sec10 subunits.
Similar binding experiments were also performed with GSTSec10 (Fig. 6 A, lanes 7-9) and GST-Sec10 ⌬ C T (Fig. 6 A, lanes  10 -12) . Both GST-Sec10 and GST-Sec10 ⌬ C T bound to glutathione-conjugated beads were incubated with soluble Sec8 (Fig. 6 A, lanes 7, 10) , Sec6 (Fig. 6 A, lanes 8, 11) , and Exo70 (Fig.   6 A, lanes 9, 12) . As expected from the previous experiment, we found that GST-Sec10 strongly interacted with Sec8 (Fig. 6 A, lane  7 ) . Additionally, GST-Sec10 and GST-Sec10 ⌬ C T also interacted with Sec6 and Exo70 (Fig. 6 A, lanes 8, 9, 11, 12) . Interestingly, however, deletion of the Sec10 C-terminal domain abolished its interaction with Sec8 (Fig. 6 A, compare lanes 7, 10) and significantly enhanced its interaction with Sec6 (Fig. 6 A, compare lanes  8, 11) . The weak interaction detected between GST-Sec10 ⌬ C T and Sec8 was not significant because the same level of interaction was observed between Sec8 and control GST beads (Fig. 6 A,  compare lanes 10, 13) . These results indicate that the C-terminus of Sec10 may be required for its interaction with Sec8. Additionally, the deletion of Sec10 C-terminus may expose a domain required for its interaction with Sec6, thus strengthening the interaction between these two subunits. Interestingly, it has been shown that a deletion of the last 283 amino acids of Sec10 (Sec10 ⌬ C ) created a dominant negative mutant in the budding yeast S. cerevisiae. This mutant could compete with the wild-type Sec10 for interaction with other Exocyst subunits, affecting growth and promoting accumulation of vesicles . On the basis of these observations, the introduction of sec8 ⌬ N T or sec10 ⌬ C T into PC12 cells is likely to compete with endogenous Exocyst complex subunits to disrupt the complex formation and thus hinders its function.
To determine the significance of the Exocyst complex function in neurite outgrowth, PC12 cells were transfected with the Exocyst subunit mutant sec8 ⌬ N T or sec10 ⌬ C T . We subcloned these Exocyst subunit mutants into the mammalian high-expression vector pIRES2-EGFP (Clontech). The pIRES2-EGFP plasmid is a bicistronic vector that allows the expression of both enhanced green-fluorescence protein (EGFP) and an Exocyst subunit mutant as two separate proteins. PC12 cells were transfected with pIRES2-EGFP (Fig. 6 B, panels 1, 2 ), pIRES2-EGFP::sec8 Fig. 6 B, panels 3, 4 ) , and pIRES2-EGFP::sec10 ⌬ C T (Fig. 6 B, panels 5, 6 ). Transfected PC12 cells were identified after 48 hr as cells containing a diffuse cytosolic green fluorescence. PC12 cells were further incubated in the presence of fresh medium containing NGF to promote differentiation.
NGF-treated PC12 cells were observed under fluorescence (Fig. 6 B, panels 1, 3 , 5) or bright field (Fig. 6 B, panels 2, 4, 6 ). PC12 cells transfected with pIRES2-EGFP (Fig. 6 B, panels 1, 2 , arrows) as well as untransfected cells (cells that are not brightly lit in Fig. 6 B, panel 2 ) differentiated normally. Thus, EGFP overexpression did not inhibit neuronal differentiation. Similarly, PC12 cells transfected with pIRES2-EGFP::sec8 ⌬ N T (Fig. 6 B, panels 3 , 4, arrows) underwent neuronal differentiation. It is possible that the deletion of a large portion of the Sec8 N-terminal domain (Sec8 ⌬ N T ) rendered this protein unstable and consequently susceptible to degradation. Because the overexpression of this Exocyst complex subunit mutant did not cause toxicity in PC12 cells, it was used as an internal control for our experiment. In contrast, pIRES2-EGFP::sec10 ⌬ C T inhibited neurite outgrowth in the majority of transfected cells (Fig. 6 B, panels 5, 6, arrows) . However, neighboring untransfected cells could still extend neurites in response to NGF (Fig. 6 B, panel 6 ), indicating that the inhibition of neurite outgrowth was attributable to the overexpression of the sec10 ⌬ C T mutant and not to changes in the medium. We consistently obtained a much lower transfection efficiency with pIRES2-EGFP::sec10 ⌬ C T than with pIRES2-EGFP and pIRES2-EGFP::sec8 ⌬ N T . This observation suggests that the overexpression of sec10 ⌬ C T may be detrimental to PC12 cells. Importantly, however, PC12 cells were observed for a period of 2 weeks after the induction of neuronal differentiation, and cells transfected with pIRES2-EGFP::sec10 ⌬ C T lived as long as those cells transfected with pIRES2-EGFP or pIRES2-EGFP::sec8 ⌬ N T , indicating that the inhibition of neurite outgrowth was not caused by induced cell death. This result supports the possibility of the Exocyst complex as a modulator of MTs to mediate vesicle targeting in response to neuronal differentiation. Furthermore, this result demonstrates that the Exocyst complex is a central component in the neurite outgrowth mechanism and, consequently, an important factor in neuronal development.
DISCUSSION
During neuronal development, vesicles are targeted to specific areas of the plasma membrane. This targeting mechanism ensures the docking and fusion of vesicles exclusively at the growth cone, promoting neurite outgrowth (Dai et al., 1995) . In addition, this Figure 6 . The Exocyst complex function is important for neurite outgrowth. A, Recombinant GST-Sec8 (lanes 1-3) and GST-Sec8
⌬ NT (lanes 4 -6 ) were incubated with Sec6 (lanes 1, 4 ), Exo70 (lanes 2, 5 ), and Sec10 (lanes 3, 6 ). GST-Sec10 (lanes 7-9) and GST-Sec10
⌬ CT (lanes 10 -12) were incubated with Sec8 (lanes 7, 10), Sec6 (lanes 8, 11), and Exo70 (lanes 9, 12) . GST was used as a negative control (lanes 13-16 ) . Binding experiments were performed and analyzed as explained in Materials and Methods. B, PC12 cells were transfected with pIRES2-EGFP (1, 2), pIRES2-EGFP::sec8 ⌬ NT (3, 4 ), or pIRES2-EGFP::sec10 ⌬ CT (5, 6 ). NGF (50 ng/ml) was added 48 hr after transfection. The EGFP expression and cell morphology were monitored under fluorescence (1, 3, 5) or bright field (2, 4, 6 ) 3 d after NGF addition (see Materials and Methods). Arrows identify the same cells observed in fluorescence and bright fields.
targeting mechanism is likely to be responsible for directing synaptic vesicle precursors to presynaptic sites during synaptogenesis. Several lines of evidence suggest that the Exocyst complex may be involved in this process. First, the Exocyst complex is found in all tissue studied so far, but it is enriched in the brain (Hsu et al., 1996) . Second, the Exocyst complex is targeted to sites of membrane addition and has been implied to play a role in targeting vesicles to specific areas of the plasma membrane during cell growth and differentiation (TerBush et al., 1995; Grindstaff et al., 1998; Hazuka et al., 1999) . Third, mouse embryos with deletion of the Exocyst subunit sec8 failed to complete gastrulation and show a delay in neural induction (Friedrich et al., 1997) . However, the molecular mechanism and significance of the Exocyst complex function in vesicle targeting during neuronal development is presently unknown. To understand the biological function of the Exocyst complex, we set out to determine its subcellular localization and molecular associations during neuronal differentiation.
We used PC12 cell line as our model system because it has been widely used as a model to study neuronal development and differentiation (Greene et al., 1976; Pang et al., 1995) . In this paper, we have shown that the Exocyst has a perinuclear localization in undifferentiated PC12 cells. In contrast, in differentiated PC12 cells and cultured hippocampal neurons, the Exocyst complex redistributes from its perinuclear localization to the extending neurite and concentrates at the growth cone with the vesicle marker Sytg. Interestingly, differential centrifugation, subcellular fractionation, and pharmacological experiments demonstrate that the Exocyst complex is associated with MTs in both undifferentiated and differentiated PC12 cells. Consistently, the Exocyst complex coimmunoprecipitates with MTs from both PC12 cells and total rat brain lysates, indicating that this association is physiologically significant. These results show, for the first time, that the Exocyst complex may promote targeting of secretory vesicles by directing MTs toward specific domains on the plasma membrane. Interestingly, however, it has been shown that the Exocyst complex coimmunoprecipitated with septins and syntaxin1 (Hsu et al., 1996 . It has been demonstrated that the septins are required during development and cytokinesis (Adam et al., 2000) , but their role in these biological processes is still unclear. It may be possible that the Exocyst complex also coordinates the remodeling of septin filaments during cell growth and development. However, it is also possible that the septins may play a role in vesicle trafficking, which requires the Exocyst and/or MT function. In addition, the Exocyst complex might be associated with syntaxin1 through the cytoskeletal network. Further investigation is required to determine the role of the Exocyst-septins interaction and whether it is a separate association from that between the Exocyst and MTs.
The trophic factor NGF promotes neuronal development by binding to the Trk A receptor, which activates a series of cellular events to promote cell differentiation (Kaplan et al., 2000) . One of these events in the neuronal development is the reorganization of MTs toward the future direction of neurite outgrowth (Dent et al., 1999) . MTs serve as a railway for the delivery of secretory vesicles to the plasma membrane, and their constant remodeling at the growth cone is essential for growth (Futerman et al., 1996; Zakharenko et al., 1998) . We have shown that the Exocyst complex radiates from its perinuclear localization, in association with the MTs, toward the growth cone in response to NGFinduced neuronal differentiation. Interestingly, inhibition of the NGF-induced activation of the MAP kinase pathway blocks neurite outgrowth and abolishes the Exocyst complex and MT redistribution, promoting vesicles to accumulate in the cytoplasm. The importance of the Exocyst complex function in neuronal differentiation is demonstrated by the inhibition of neurite outgrowth in PC12 cells transfected with the Exocyst sec10 ⌬ C T deletion mutant. These cells do not extend neurites even in the presence of NGF, indicating that the Exocyst complex is likely to be a downstream effector in the MAP kinase pathway and is essential for neurite outgrowth during neuronal differentiation. This may also explain, in part, the mortality of mouse embryos lacking the Exocyst subunit sec8 on the initiation of nerve cell differentiation during gastrulation (Friedrich et al., 1997) .
On the basis of the above information, we speculate that the Exocyst complex functions as a remodeling factor of MTs to deliver vesicles to specific domains on the plasma membrane (Fig.  7) . The Exocyst complex is associated with MTs near or at the MTOC in undifferentiated cells (Fig. 7A) . On the activation of the neuronal differentiation process, the Exocyst complex may be upregulated. The activated complex functions as a scaffold to coordinate the assembly of MTs and redirects them toward the growth cone (Fig. 7B) . The redirected MTs serve as a railway to deliver vesicles to specific areas of the plasma membrane. At the growth cone, other factors might facilitate the distribution of vesicles to the vicinity of the plasma membrane. Recently, it has been shown that mutations in the Caenorhabditis elegans RPM-1 Figure 7 . A model of the Exocyst complex function in targeting vesicles toward the growth cone to promote neurite outgrowth. In response to signals that promote cell differentiation, the Exocyst complex coordinates the assembly and redirects the MTs toward specific domains of the plasma membrane. A, The Exocyst complex associates with MTs near or at the MTOC before cell differentiation. B, On the activation of the cell differentiation process, the Exocyst complex is upregulated. The activated complex functions as a scaffold to coordinate the assembly of MTs and to redirect them to specific areas of the plasma membrane, such as the growth cone. Then, the MTs radiate outward from the MTOC and pave the road by which secretory vesicles are delivered to the vicinity of the plasma membrane via microtubule-associated motors, such as kinesins. C, The Exocyst complex associates with the radiating MTs in the extending neurite and the growth cone. Once vesicles are delivered to the growth cone, they are released from the MTs to the plasma membrane. Finally, docking and fusion of these vesicles with the plasma membrane result in membrane addition and/or secretion. (Schaefer et al., 2000; Zhen et al., 2000) , its Drosophila homolog highwire (Wan et al., 2000) , and the Drosophila futsch gene Roos et al., 2000) disrupt axon morphology but do not affect axon outgrowth. In particular, mutations in highwire and RPM-1 promote abnormal distribution of synaptobrevin-GFP vesicles at GABAergic motor terminal but do not affect their delivery. These results indicate that the Exocyst complex plays a central role in promoting neurite outgrowth, but other factors may be required for the proper incorporation of vesicles into the plasma membrane. Finally, collaboration among these proteins promotes the docking and fusion of vesicles with the plasma membrane, resulting in targeted membrane addition or secretion (Fig. 7C) .
The Exocyst complex is an essential macromolecule required for secretion in all organisms (from yeast to mammals) and mammalian cells studied so far. It is likely that this complex would have the same or similar molecular function in all organisms and/or cell types. The Exocyst complex may establish the communication between the cell signal transduction pathways and the cytoskeleton network (MTs and septins) to ensure that vesicles are targeted to the appropriate plasma membrane domain. Elucidation of the Exocyst complex biological function is not only important for our understanding of the vesicle targeting pathway in all organisms, but may also provide important insights into specific biological events such as axonal outgrowth during development and regeneration.
